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Abstract 
Pistons of IC engines are typically subjected during operation to high cycle fatigue loading cycles at high 
temperatures (up to 350°C) in areas facing the combustion chamber. During operation the high temperature 
exposure results in a progressive loss of fatigue strength of the material at the weakest areas of the piston and may 
eventually results in a premature failure by crack initiation and propagation. The quantification of the temperature 
effect on fatigue strength inevitably require experimentation since such data are scarce. 
An extensive fatigue testing program of eutectic Al-Si alloys at room temperature and at several high 
temperatures (250 °C, 300°C and 350°C) is reported. Specimens were extracted from piston crowns and tested in a 
rotating bending test machine. The resulting fatigue strength loss at 107 cycles is quantified by a staircase approach. 
The influence of the test temperature is investigated in terms of chemical composition, process route and of 
mechanisms of fracture observed in the broken specimens.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Pistons are non-serviceable parts and need to last the lifetime of the engine. Piston operation induce in the 
material a complex combination of thermal stresses and high cycle, high temperature mechanical cycles responsible 
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of fatigue cracking in the weakest zone, which is commonly the hottest part  i.e. areas facing the combustion 
chamber. The high temperature exposure in service results in a progressive loss of fatigue strength due to the over-
aging phenomenon with crack initiation and propagation, [1]. Modern gasoline engine pistons operate at 
temperatures up to 350°C. The production may select either the casting or forging routes while the materials of 
choice are typically eutectic Al-Si alloys. Eutectic alloys are preferred because they have excellent fluidity and 
feedability due to their near zero solidification range, [2]. 
In order to estimate the design life of I.C. engine pistons, the temperature and stress distribution within the piston 
can be obtained by thermo-structural finite element (FE) analysis. Fig. 1 shows the steady-state temperature 
distribution within a high-performance piston obtained by FE simulation. Local temperature values were verified by 
the hardness vs. temperature correlation approach, [3]. The quantification of the temperature effect on material 
strength in fatigue inevitably requires ad-hoc experimentation since such data are scarce, [4]. 
a)       b) 
Fig. 1 – Steady state temperature distribution in a IC engine piston a) cross-section b) top view 
This contribution reports of a extensive high cycle fatigue testing program where two eutectic Al-Si alloys 
specifically developed for piston production are tested at room temperature and at several high temperatures in the 
range 250 to 350°C. Specimens were extracted by actual pistons and tested a rotating bending test machine equipped 
with an oven. The resulting fatigue strength loss at 107 cycles is quantified by a staircase approach. The influence of 
alloy composition and piston production route are investigated on the high temperature high cycle fatigue strength.  
2. Materials and experimental details 
The materials under investigation are two eutectic Al-Si alloys. All specimens were extracted from piston 
crowns produced according to two routes: i) gravity casting; ii) hot forging. Reference chemical compositions are 
given in Tab. 1.  The two alloys differ mainly for Cu and Ni content. Although the microstructure characterization of 
these alloys is reported elsewhere, [5], here it is reminded the presence of fine dendrites of Į-phase (solid solution 
Al(Si)) of  a eutectic compound of (Į+eutectic Si) and of primary Si particles. Numerous intermetallic phases are 
also present because of alloying elements such as Cu, Mg, Mn, Fe and Ni. 
Table 1. Chemical composition of autectic Al-Si alloys (in wt. %) 
 Si Cu Ni Mg Ni Fe Ti Mn Zn Al 
A 11-13 0.8-1.5 0.8-1.3 0.8-1.5 0.8-1.3 0,50 max 0,10 max 0,15 max 0,15 max balance 
B 11-13 3-4 1.8-3 0.7-1.5 0.8-1.3 0,50 max 0,20 max 0,3 max 0,2 max balance 
Specimens for mechanical and fatigue testing were extracted directly from the piston crown after heat treatment 
T6. Tensile tests were performed on a MTS 810 servo hydraulic test machine equipped with MTS extensometer at 
25 °C and 250 °C. Smooth 5-mm-dia fatigue specimens were subjected to rotating bending loading at 50 Hz 
according to a reduced stair-case procedure to determine the fatigue strength at 107 cycles at room temperature and 
at high temperature (i.e. 250 °C, 300 °C and 350 °C). The specimens were not conditioned with a preliminary 
exposure to high temperature. So each specimen underwent an over aging treatment during the test. Fatigue fracture 
surfaces were examined by optical microscopy and scanning electron microscopy.  
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a)        b) 
Fig. 2 a) specimen geometry b) heating system of the specimen mounted in the testing machine  
3. Results and discussion 
3.1. Influence of test temperature and production route on fatigue strength  
High cycle fatigue data as a function of test temperature are shown in Fig. 3a for Alloy A extracted by pistons 
produced by gravity casting and in Fig. 3b for alloy A extracted from pistons produced by hot forging. The trend of 
the S/N curves is well defined and shows substantial constant slope when the test temperature is below or equal to 
300°C. The slope decreases at 350°C. The scatter is limited considering the complex thermo-mechanical loading. At 
room temperature the fatigue strength is highest and the limited scatter is associated to the very limited presence of 
material defect such as pores or large primary Si particles. Fatigue tests at 250°C reveal an effect although still 
limited on the fatigue strength. This is due to the progressive over aging process with dissolution of GP zones, 
transition phase and precipitated equilibrium phase, [6]. Such overaging process is accelerated by test temperature 
increase as shown by the fatigue data of 300°C.  
a) b) 
Fig. 3 High temperature fatigue data of piston AlloyA obtained by a) gravity casting  b) hot forging 
The influence of the production route for the same alloy A is obtained by comparison of Fig. 3a and 3b. The hot 
forged alloy is characterized by a higher fatigue strength at room temperature but with increasing test temperature its 
fatigue strength advantage is lost and above 250 °C the fatigue strength consistently falls below that of the cast 
piston. Such conclusions are condensed in the plot of Fig. 4a. The trend in fatigue strength of Alloy A with test 
temperature is complemented by the introduction of the 10% and 90% scatter data. The gravity cast material shows 
consistently reduced scatter compared to the hot forged alloy. An explanation of the lower fatigue strength and 
higher scatter compared to the cast material is in the deformation and fracture of the intermetallics, which contribute 
to the structural support of soft Al. This was observed by metallographic inspection of failed specimens and reported 
in [7]. 
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a) b) 
Fig. 4 Comparison of fatigue strength dependence with test temperature between a) Alloy A obtained by gravity casting or hot forging  b) 
Alloy A and Alloy B obtained by hot forging  (the scatter lines are for 10% and 90% reliability) 
3.2. Influence of temperature exposure and alloy on fatigue strength of hot forged pistons  
The chemical composition can be modified to improve the Al/Si alloy performance at high temperature. 
Typically Cu and Ni are added to the molten metal, [3]. The present program investigated this effect by fatigue 
testing the alloy B of Tab.1 at high temperature. Comparison of the fatigue strength behavior of alloy B with the 
previous results for alloy A. For sake of brevity here only the piston production by hot forging is considered and the 
role of test temperature on fatigue presented in Fig. 4b. The Alloy B shows consistently a higher strength than Alloy 
A, but the improvement is especially remarkable at room temperature and at very high temperature (i.e. 350°C). The 
scatter of Alloy B is also consistently lower than for Alloy A. The heat resistance thus seems governed by the 
stability of the interconnected structure of eutectic Si and distribution of precipitates, [8].These data are consistent 
with the limited experimental evidence in the literature, [4, 6]  
4. Conclusions 
The investigation of the fatigue behavior of two eutectic Al-Si alloys at room temperature and at high temperatures 
using specimens extracted from piston crowns presented here has reached the following conclusions: i) increasing 
the test temperature reduces drastically the long life fatigue strength of near eutectic Al/Si alloys, ii) the gravity 
casting process of Alloy A shows a higher fatigue strength at high temperature than the same alloy processed by hot 
forging; iii) in the case of hot forged pistons, Alloy B shows an improved fatigue strength compared to Alloy A 
possibly for the supporting role by intermetallics.
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